The receptor for advanced glycation end products (RAGE) is a member of the immunoglobulin superfamily being expressed as a cell surface molecule and binding a variety of ligands. One of these ligands is high-mobility group box chromosomal protein 1, a potent proinflammatory cytokine, expression of which is increased in synovial tissue and in synovial fluid of rheumatoid arthritis (RA) patients. The interaction of high-mobility group box chromosomal protein 1 with cell-surface RAGE leads to an inflammatory response. In contrast, the presence of soluble RAGE (sRAGE) may abrogate cellular activation since the ligand is bound prior to interaction with the surface receptor.
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory synovitis that is dominated by the presence of macrophages, lymphocytes and synovial fibroblasts, which leads to the destruction of bone and cartilage. The pathogenesis of the disease is complex, involving a wide range of molecules.
The receptor for advanced glycation end products (RAGE) is a multi-ligand member of the immunoglobulin superfamily being expressed as a cell surface molecule and interacting with a diverse class of ligands [1, 2] . RAGE is expressed by many of the cells that participate in the development of RA, including macrophages, neutrophils and T cells. RAGE is expressed on macrophages and T cells within synovial tissues of RA patients as well as on synovial fluid macrophages [3] . DMARD = disease-modifying anti-rheumatic drug; ELISA = enzyme-linked immunosorbent assay; EN-RAGE = extracellular newly identified RAGEbinding protein; HMGB1 = high-mobility group box chromosomal protein 1; IL = interleukin; NID = non-inflammatory joint disease; RA = rheumatoid arthritis; RAGE = receptor for advanced glycation end products; sRAGE = soluble receptor for advanced glycation end products.
Moreover, synovial fibroblasts that account for about 50% of the cellular constituents of the synovial lining layer constitutively express RAGE [4] .
The RAGE protein is composed of three immunoglobulin-like regions, a transmembrane domain and a highly charged short cytosolic tail that is essential for post-RAGE signalling. One of the features of the receptor is its recognition of families of ligands, rather than a single protein. The RAGE repertoire of ligands includes products of non-enzymatic glycoxidation (advanced glycation end products), the amyloid-β protein, the S100/calgranulin family of proinflammatory cytokine-like mediators, β2-integrin Mac-1 on leukocytes and the high mobility group box chromosomal protein 1 (HMGB1), all of which are associated with inflammation [2] . Studies have shown that engagement of RAGE by a ligand results in a rapid and sustained cellular activation and gene transcription [1] . Sustained receptor expression leads to a positive feedback loop in which the ligand-receptor interaction increases expression of the receptor itself on the cell surface, leading to further amplification of inflammatory response.
Soluble RAGE (sRAGE), a truncated form of the receptor, is composed of only the extracellular ligand-binding domain lacking the cytosolic and transmembrane domains (i.e. the part that transfers a signal into the cell). This soluble form of the receptor has the same ligand binding specificity and therefore competes with cell-bound RAGE for ligand binding, therefore functioning as a 'decoy' abrogating cellular activation, since the cell surface receptor remains unoccupied. Indeed, it has been demonstrated in a number of experimental animal models that treatment of animals with sRAGE prevents cell-bound RAGE signalling. For example, in a mouse model of collageninduced arthritis, treatment of mice with sRAGE significantly reduced synovial inflammation, as well as cartilage and bone destruction [5] .
In humans, sRAGE is produced by alternative splicing of RAGE mRNA [6] [7] [8] . In addition, it has also been shown that pericytes and endothelial cells produce and release sRAGE extracellularly, suggesting the presence of a negative feedback mechanism in RAGE signalling [7] . The proportion and production of the soluble form of the endogenous receptor may therefore influence the regulation of RAGE-mediated functions in various tissues and inflammatory conditions, including RA.
Since sRAGE acts as a competitive receptor for cellular RAGE, the balance between these two types of receptors might be of importance in the pathogenesis of RA. Our aim was to evaluate the levels of sRAGE in patients with RA and to assess whether there is an association between sRAGE levels and disease characteristics. As a comparison, we analysed sRAGE levels in patients with non-inflammatory joint diseases (NIDs) and in healthy subjects.
Materials and methods

Patients and controls
Blood and synovial fluid samples were collected from 62 RA patients (mean age 62 ± 13 years, mean disease duration 10 ± 8 years) who met the American College of Rheumatology criteria for RA [9] . Synovial fluids from 33 patients (mean age 43 ± 18 years) with NID were used as controls. In addition, paired blood samples from six NID patients (mean age 58 ± 12 years) were available for analysis. Patients in the NID group were diagnosed to have the following diseases: osteoarthritis, six patients (two blood samples); anterior cruciate ligament rupture, 21 patients; rupture of meniscus, four patients (three blood samples); and knee joint contusion, two patients (one blood sample). All NID patients were examined by an orthopaedic surgeon and a rheumatologist, and chronic inflammatory joint diseases were excluded.
Blood samples from 45 healthy adults with no history of diabetes mellitus or renal disease (mean age 54 ± 9 years) who underwent routine blood testing at the Sahlgrenska University Hospital as blood donors or volunteered in our laboratories were collected to determine serum sRAGE levels in a healthy population. Thirty-six out of 62 RA patients received diseasemodifying anti-rheumatic drugs (DMARDs). Methotrexate predominated and was used by 27 patients, either as a monotherapy (19 patients) or in combination with biological agents (six patients [anti-tumour necrosis factor alpha targeted therapy, five patients; anti-IL-1 therapy, one patient]) or sulphasalazin (two patients). One patient was receiving antitumour necrosis factor alpha targeted agent in combination with azathioprin and cyclosporin A, while eight patients received monotherapy with other DMARDs (parenteral or oral gold salt compounds, three patients; cyclosporin A, one patient; sulphasalazin, three patients; leflunomide, one patient). The remaining 26 patients, receiving non-steroidal anti-inflammatory drugs or on monotherapy with corticosteroids, were considered as having no DMARD treatment.
The clinical investigation was approved by the Ethical Committee of Göteborg University, and informed consent was obtained from all patients.
Clinical and laboratory assessment
Clinical examinations were performed by the rheumatologist in all RA patients, and disease activity variables were recorded. The serum concentration of C-reactive protein was measured with a standard nephelometric assay, with normal range 0-5 mg/l. White blood cell counts in the blood were assessed using a microcell counter (F300; Sysmex, Norderstedt, Germany). The white blood cell count in the synovial fluid was also assessed in 24 RA patients.
A murine hybridoma cell line (B13.29, subclone B9), which is dependent on IL-6 for its growth, was employed for the measurement of IL-6 in synovial fluid as previously described in detail [10] .
Radiographs of the hands and feet were obtained from all RA patients. Criteria for the erosive disease were the presence of one or more bone erosions, defined as loss of cortical definition of the joint and recorded in proximal interphalangeal joints, metacarpophalangeal joints, carpal joints, wrist joints and metatarsophalangeal joints. Thirty-nine patients out of 62 had erosive disease. The presence of rheumatoid factor of any of the immunoglobulin isotypes was considered positive. Thirty-eight patients had seropositive RA.
Data of patients and healthy controls are summarized in Table  1 .
Collections and preparation of patient samples
Synovial fluid was collected from RA patients who attended the Department of Rheumatology at Sahlgrenska University Hospital in Göteborg with acute knee joint effusion. Synovial fluids were aseptically aspirated and immediately transferred into sodium citrate solution (0.129 mol/l, pH 7.4). Blood samples from the same patients were simultaneously obtained from the cubital vein into the sodium citrate containing tubes. Synovial fluid from NID patients who attended the Department of Orthopaedics at Malmö University Hospital in Malmö was obtained by arthrocentesis.
The collected blood and synovial fluid samples were centrifuged at 2000 × g for 10 min, aliquoted, and stored at -70°C until use.
Reagents
The levels of sRAGE in sera and synovial fluid were determined using a specific sandwich ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocol. ELISA plates coated with mouse monoclonal antibody against RAGE were used for quantitative detection of sRAGE. After incubation with blood or synovial fluids, polyclonal capture antibody against the extracellular portion of RAGE was used. The minimum detectable dose of sRAGE was 4 pg/ml. According to the manufacturer, no significant cross-reactivities to EN-RAGE, HMGB1, S100A10 or S100Baa were observed.
Recombinant human HMGB1 was purchased from Sigma (St Louis, MO, USA).
Statistical analysis
Non-parametric methods were used for statistical comparisons since data showed a non-normal distribution. Statistical differences with respect to sRAGE levels between independent groups were calculated using the Kruskall-Wallis test followed by the Mann-Whitney U test. The Wilcoxon signed rank test for paired samples was used to compare differences between variables in matched samples. Correlations between different variables in patients were assessed with the Spearman rank correlation test. Fisher's exact probability test was used to assess differences between groups with regard to disease characteristics. All sRAGE values are expressed showing the median and the mean ± standard error of the mean. Patients' age and disease duration are reported as the mean ± standard deviation. P < 0.05 is considered significant.
Results
The levels of sRAGE in blood and synovial fluid We investigated sRAGE levels in the synovial fluid and in the bloodstream of 62 patients who had RA. Blood samples from 45 healthy controls, synovial fluid from 33 patients with NID and paired blood samples from six patients with NID were assessed as controls.
RA patients displayed significantly decreased (P < 0.0001) blood levels of sRAGE (872 ± 65 pg/ml) as compared with healthy controls (1290 ± 78 pg/ml) and with NID patients (1569 ± 168 pg/ml). The sRAGE levels in synovial fluid of RA patients (379 ± 36 pg/ml) were two times lower than in corresponding blood samples (P < 0.0001), and were in the same 
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range as in the synovial fluid of patients with NID (364 ± 30 pg/ml) ( Fig. 1 ). There was a significant positive correlation between sRAGE levels in the matching samples of blood and synovial fluid (r s = 0.48, P = 0.0002) (Fig. 2) .
Patients who had RA were significantly older than healthy controls and patients with NID (mean age 61.8 ± 13.9 years versus 54.4 ± 9.0 years and 43.0 ± 18.0 years, respectively). However, no correlation with age was found in any of the groups with respect to synovial fluid and blood sRAGE levels. Indeed, when RA patients were stratified into younger (≤ 65 years) and older (>65 years) subgroups, no statistically significant difference was found between these groups with respect to sRAGE levels. Our results indicate, however, that within the age-matched groups (mean age 52.7 ± 10.2 years for RA versus 54.4 ± 9.1 years for controls) up to 65 years of age there was still a major statistical significance regarding circulating sRAGE levels (873 ± 72 pg/ml versus 1290 ± 78 pg/ml, P = 0.0001) (Fig. 3) . Synovial sRAGE level was in the same range in both younger RA patients (≤ 65 years, 345 ± 36 pg/ml) and in older RA patients (>65 years old, 430 ± 73 pg/ml), and in patients with NID (364 ± 30 pg/ml).
Correlation between sRAGE levels and clinical features of RA
We investigated further the association between sRAGE levels with main characteristics of the disease. Stratification of patient data by radiological imaging showed that 39 patients fulfilled the criteria for erosive disease, and 23 patients had no erosions on recent radiographs. There was no difference in patients' age between these two radiographic groups (61.3 ± 12.6 years versus 62.6 ± 16.1 years, respectively). No statistically significant differences in synovial fluid and blood sRAGE levels were found between these two groups (Table  2) . However, patients with seropositive RA had a tendency towards lower serum sRAGE levels than patients with seronegative disease (Fig. 4 ). Blood and synovial levels of sRAGE were not associated with disease duration or acute-phase reactant C-reactive protein. In contrast, the synovial sRAGE levels in RA patients with erosive disease correlated significantly with synovial white blood cell counts (r s = 0.53, P < 0.04), whereas no association was found between synovial fluid sRAGE and synovial IL-6 levels in RA patients.
The effect of the treatment on sRAGE levels in RA patients At the time of sampling all patients were receiving anti-inflammatory treatment. Since methotrexate is the most used DMARD in RA treatment and was predominant in our patient population, we decided to investigate whether this treatment had an effect of sRAGE levels in RA patients. A subgroup of patients (n = 19) receiving monotherapy with methotrexate was analysed and compared with patients without DMARD treatment (n = 26). The patients' data are presented in Table  3 .
The baseline characteristics of patients in both groups were similar with respect to age and sex of patients and the presence of rheumatoid factor. However, as expected, patients receiving DMARD treatment had significantly longer disease duration than patients who did not take disease-modifying drugs (13.1 ± 9.6 years versus 8.2 ± 8.3 years, P < 0.04). Healthy blood NS P = 0.0025
Figure 2
Scattergram showing an association between blood and synovial soluble receptor for advanced glycation end products (sRAGE) levels in rheumatoid arthritis patients Scattergram showing an association between blood and synovial soluble receptor for advanced glycation end products (sRAGE) levels in rheumatoid arthritis patients. The Spearman rank correlation coefficient (r s ) and P value are given. Importantly, significantly higher sRAGE levels were found in the synovial fluid of RA patients treated with methotrexate ( Fig.  5) as compared with non-treated patients. Even in this case, the synovial fluid sRAGE displayed significant correlation (r s = 0.47, P < 0.05) with blood levels.
HMGB1 expression does not influence sRAGE detection by ELISA
One of the high-affinity binding ligands for RAGE is HMGB1. Previous studies have shown that high (microgram) levels of HMGB1 are found in the synovial fluid and sera of RA patients [11, 12] . In addition, we demonstrated (results not shown) that blood sRAGE in RA patients may be found on Western blot examination at 60-80 kDa, indicating in vivo or in vitro complex formation or dimerization. The complex formation between these two proteins could possibly affect the measurement of sRAGE by ELISA.
This prompted us to test whether HMGB1 binding to sRAGE influenced the detection of the latter in our experimental settings. If it were the case, the decreased sRAGE levels found in our RA patient population would be explained by in vivo or ex vivo HMGB1 interaction. Recombinant human RAGE in concentrations of 500 pg/ml and 2000 pg/ml was incubated with different concentrations (0, 0.1, 1 and 10 µg/ml) of recombinant human HMGB1, and a standard ELISA analysis was performed. Our results showed that HMGB1 did not affect the sRAGE detection by ELISA (data not shown), indicating that lower sRAGE levels measured in RA patients are not due to soluble receptor engagement with HMGB1.
Discussion
This is the first study examining sRAGE levels in patients with RA. Cell surface RAGE expression is largely dictated by the interaction with its ligands. The expression of cellular RAGE is rather low in mature animals and in human adults. Accumulation of RAGE ligands results in increased expression of the cell surface receptor itself [13] . Furthermore, the receptor-ligand interaction leads to increased RAGE-mediated signalling, (281) Data presented as the mean ± standard error of the mean (median).
Figure 3
Blood soluble receptor for advanced glycation end products (sRAGE) levels in age-matched groups of rheumatoid arthritis (RA) patients and healthy controls Blood soluble receptor for advanced glycation end products (sRAGE) levels in age-matched groups of rheumatoid arthritis (RA) patients and healthy controls. Box plots show the 25th and 75th percentiles. Horizontal lines within boxes in bold indicate medians, and dashed lines indicate means. Vertical bars indicate the 5th and 95th percentiles. Statistical differences with respect to sRAGE levels between groups were calculated using the Mann-Whitney U test. 
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resulting in an activation of several intracellular pathways including NF-κB [14] .
sRAGE, a truncated form of the receptor, binds ligands with affinity equal to that of cellular RAGE. It therefore has the ability to prevent RAGE signalling acting as a decoy by binding ligands and preventing them from reaching cell surface RAGE. sRAGE has successfully been used in variety of animal disease models to antagonize RAGE-mediated pathologic processes [5, [14] [15] [16] . Experiments to date have shown that pericytes and endothelial cells produce and release RAGE extracellularly, suggesting the presence of a negative feedback mechanism and immune surveillance mechanisms in RAGE signalling [7] .
In our study, we found that RA patients have significantly decreased blood levels of sRAGE as compared with the healthy population and patients with NID. Why do RA patients display low levels of sRAGE? In the case of RA, there is a wide diversity of RAGE ligands present in the inflamed joints, as well as in the circulation, that could lead to the binding and consumption of sRAGE during the inflammatory process. One of the high-affinity ligands for RAGE/sRAGE is HMGB1, a Blood soluble receptor for advanced glycation end products (sRAGE) levels of rheumatoid arthritis patients stratified with respect to seropositivity and erosivity in comparison with healthy controls Blood soluble receptor for advanced glycation end products (sRAGE) levels of rheumatoid arthritis patients stratified with respect to seropositivity and erosivity in comparison with healthy controls. Box plots show the 25th and 75th percentiles. Horizontal lines in bold within boxes indicate medians, and dashed lines indicate means. Vertical bars indicate the 5th and 95th percentiles. Statistical differences with respect to sRAGE levels between groups were calculated using the Mann-Whitney U test. The mean ± standard deviation (median) values are shown. * P < 0.01 as compared with healthy controls. RF, rheumatoid factor; no eros, no erosion. potent cytokine playing an important role in the pathogenesis of chronic inflammation. HMGB1 is a potent trigger of arthritis and its expression is increased in synovial tissue of RA patients as well as in experimental arthritis [12, 17] . HMGB1 levels in the synovial fluid and sera of RA patients are significantly elevated as compared with levels in osteoarthritis patients [11, 18] . It is thus probable that sRAGE may form in vivo complexes with HMGB1 in the sera/synovial fluid of RA patients, leading to inaccurately low levels of sRAGE. Upon co-incubation of these two proteins, however, HMGB1 binding to sRAGE did not affect the detection of the latter, indicating that lower sRAGE levels measured in RA patients are not due to neutralization by HMGB1.
An alternative explanation for the decreased sRAGE levels in RA might be a true consumption of this molecule. In the inflammatory milieu, such as in the rheumatoid joint, other sRAGE ligands also exist. Foell and colleagues have recently reported that extracellular newly identified RAGE-binding protein (EN-RAGE), a member of the S100/calgranulin family, was strongly expressed in inflamed synovial tissue. Furthermore, highly increased serum and synovial fluid levels of EN-RAGE were found in arthritic patients in comparison with control subjects [19] . Finally, raised advanced glycation end product levels have been found in serum and synovial fluid of patients with RA [20] . The presence of high levels of these soluble ligands in RA patients provides a basis for increased consumption of the sRAGE by interaction, followed by elimination of such sRAGE-ligand complexes via the reticuloendothelial system [21] .
In addition, cell-bound RAGE functions as a counter-receptor for leukocyte integrins, thereby being directly involved in leukocyte recruitment, especially in inflammatory conditions when the receptor expression increases [22] . Also, in this context, sRAGE has been suggested to function as a potential inhibitor of leukocyte recruitment [22] . In RA patients with erosive disease, we observed a positive correlation between the white blood cell count and synovial sRAGE levels, indicating that endothelial cells in the synovial blood secrete sRAGE extracellularly as a negative feedback mechanism to limit the inflammation. Alternatively, MMP-9 has been found to shed cell-bound RAGE into the culture medium in mice [23] . It is possible that in the rheumatoid joint, where expression of MMP-8 and MMP-9 is increased [24] , sRAGE levels are regulated by matrix metalloproteinases in a similar manner.
Taken together, we suggest that soluble RAGE may block the ligand-RAGE interaction on the cell surface by directly binding leukocyte β2-integrin Mac-1 and thereby decreasing influx of inflammatory cells into the joint cavity, functioning as an immune surveillance mechanism. Lower levels of sRAGE detected in RA patients might thus increase the propensity towards inflammation since RAGE ligands have better access to cell membrane-bound receptor, the binding of which leads to the activation of inflammatory pathways.
Consistent with this concept, RA patients treated with methotrexate, one of the most efficient DMARDs, displayed increased sRAGE as compared with RA patients with no immunosuppressive treatment. It is known that methotrexate induces an increase of extracellular adenosine, which further downregulates the expression of adhesion molecules including β2-integrin Mac-1, a ligand for RAGE/sRAGE [25, 26] . Methotrexate is also known to downregulate EN-RAGE expression in the synovium of arthritis patients [19] and to suppress activity of tumour necrosis factor alpha [25, 27] , the cytokine that has been shown to upregulate cellular RAGE [28] . Hypothetically, as the level of membrane-bound receptor and its ligands declines with treatment, less sRAGE is consumed and the balance is restored.
We found that sRAGE levels in RA patients' synovial fluid and sera displayed strong correlation on an individual level. Diverse splicing variants of RAGE have been found in many tissues and the proportion seems to differ between individuals [6] [7] [8] .
The proportion and production of the soluble form of the endogenous receptor may therefore influence the regulation of RAGE-mediated functions in various tissues and inflammatory conditions, including RA. Whether low sRAGE levels in RA patients are the consequence of the disease or a potential contributing factor to the disease needs to be elucidated.
